ABSTRACT. This article summarizes the ability of CHARM+AGDISP to predict the drift and deposition of sprays released from rotary wing unmanned aerial vehicles (UAVs). This predictive capability results from merging algorithms for spray transport, as found in AGDISP (AGricultural DISPersal), with CHARM (Comprehensive Hierarchical Aeromechanics Rotorcraft Model). The resulting software tracks the release of spray droplets from nozzles on the UAV to deposition on the ground. To date, both AGDISP and CHARM, a code that provides a complete representation of the time-varying, unsteady flow field surrounding a helicopter during transient maneuvering flight near the ground, have been extensively validated. The CHARM+AGDISP software is applied to two UAVs to explore the flow field regimes that present challenges for effective UAV operations. The simulations undertaken indicate flight conditions that yield acceptable deposition levels and minimize drift; inversely, conditions are also identified that result in off-target drift that may be problematic.
he last five years have seen a dramatic increase in the use of UAVs, either as replacements for larger piloted aircraft or as more applicable, cost-effective options in critical spraying scenarios (e.g., for high efficiency and effective spraying of "spots," small fields, hilly terrain, or high-value crops). While UAVs were initially used for surveillance (Watts et al., 2012; Pajares, 2015; Muchiri and Kimathi, 2016) , their evolving use today as spraying platforms (Huang et al., 2009 (Huang et al., , 2015 Giles et al., 2016 ) raises questions about their impact and adequacy with regard to deposition and drift of released pesticide products (Faiçal et al., 2014; Xue et al., 2014 Xue et al., , 2016 Qin et al., 2016; Tang et al., 2017; Wang et al., 2017) . Maximizing in-swath deposition levels while limiting off-target drift by UAVs, which are more maneuverable than full-sized aircraft and can safely fly at much lower altitudes, will require rules with regard to swath offset and limiting meteorological conditions, much like fullsized aircraft, including real-time adjustment of the flight path and on/off options for individual spray nozzles (as currently available on ground sprayers). The question is whether computational tools are available to make real-time predictions of spray deposition in these situations. To this end, the USDA Forest Service and its state and federal cooperators, including the National Aeronautics and Space Administration (NASA) and several branches of the U.S. Department of Defense (DOD), have investigated the application of two well-established numerical tools for the modeling of UAV spraying and its impact on deposition and drift. The combination of these two models, i.e., a proven helicopter flow field model (CHARM) with a proven spray deposition model (AGDISP), is the subject of this article.
APPROACH
Two models are considered here. Both codes were developed with ongoing support from the USDA Forest Service (AGDISP), NASA, and DOD (CHARM).
AGDISP
The origin of AGDISP (AGricultural DISPersal) can be traced to 1979 when NASA supported the initial development of a Lagrangian droplet trajectory model to simulate the aerial release of pesticides. This model was based on previous experience in understanding the physics of vortex wakes behind aircraft. A simple vortex wake model, patterned after the approach suggested by Reed (1953) , and the subsequent development of a closure technique to recover the effects of atmospheric turbulence on the variance of released spray material about its mean trajectory (von Kármán and Howarth, 1938; Houbolt et al., 1964) , led to the first version of AGDISP (Bilanin et al., 1989) . Further implementation, funded by the USDA Forest Service (Teske et al., , 2011 led to its current version, AGDISP 8.29. This version of AGDISP includes the Tier I curves from AgDRIFT ), a sister model to AGDISP. Validation of the model to approximately 800 m downwind opened the door for improved solution handoff to mesoscale atmospheric transport models (Allwine et al., 2002; Teske, 2016) .
AGDISP includes a simplified helicopter wake model that transitions from downwash under a single set of rotor blades to fully rolled-up tip vortices. This model partitions vehicle weight between hover downwash and rotor tip vortices as a function of time. The hover downwash model is taken from actuator disk theory for a propeller (Bramwell, 1976) and may be written as:
where w d is the downwash velocity (m s -1
) at the rotor plane, R is the rotor radius (m), W is the average spraying weight (N), ρ a is the density of air (g cm -3 ), and F is a modeling parameter (dimensionless). The strength of the vortex pair may be found from:
where Γ is the vortex strength (m ). In the AGDISP model, F = exp(-X/R), which is found by matching the behavior of this simple model with detailed helicopter model predictions (Wachspress et al., 2003a) as a function of the axial distance X (m). At the beginning of the calculation X = 0, F = 1, and the weight of the helicopter provides downwash through the rotor blades. As the calculation proceeds, X > 0, F → 0, and the weight transitions to provide vortex motion identical to that of a fixedwing aircraft. Because of the exponential decay, the transition between downwash and vortex motion occurs within two rotor diameters behind the helicopter.
Unfortunately, the AGDISP helicopter model (described by eqs. 1 and 2) is restrictive in two ways: (1) it can only be applied to aircraft with a single main rotor, and (2) the aircraft flying height and speed must be sufficiently high that the downwash model rolls up into a pair of vortices before ground impact by the rotor downwash. These restrictions prevent the existing helicopter model from simulating the behavior of UAV wakes because UAVs often have multiple rotors and fly much closer to the ground and at much lower speeds than helicopters. One way to predict UAV wakes, as described in this article, is to resolve the multiple rotor wakes with a more accurate model, such as CHARM.
CHARM
CHARM is a self-contained rotor/wake/body computational analysis that models rotorcraft blade aerodynamics and dynamics in hover and forward flight. The formulation and validation of its core rotorcraft analyses are documented by Quackenbush et al. (1990 Quackenbush et al. ( , 1991 Quackenbush et al. ( , 1994 Quackenbush et al. ( , 1996 . CHARM delivers highly accurate solutions over a broad range of applications and is designed with a hierarchical structure to enable a single code to be applicable to a full range of modeling tasks, from the prediction of extremely high-resolution airloads to flight dynamics applications, including real-time rotor/wake/body solutions suitable for engineering flight simulation and handling qualities analyses. The major features of the CHARM code are the following:
• The full-span, freely distorting, constant vorticity contour (CVC) wake model and analytical tip vortex roll-up model combine to form a highly sophisticated wake model. Details of the rotor wake are determined from first principles, bypassing the need to provide empirical constants in assigning tip vortex characteristics.
• Fast vortex and fast panel analyses incorporated into the model allow for extremely high-resolution modeling of flow field characteristics and wake/surface interactions in minimal computational time.
• A hierarchy of solution methods allows a tradeoff between resolution and increased computational speed. In this way, a single, consistent modeling architecture can be applied to a wide range of applications.
• The multiple rotor and lifting panel capabilities of the model combine to allow a complete inviscid analysis of complex modern rotorcraft and UAVs, including blade, wake, fuselage, and wing.
• Evolution of the aerodynamics and blade dynamics solutions simultaneously in time can solve for non-periodic solutions, capturing rotor responses to time-varying control inputs. A complete description of the CHARM code is provided by Quackenbush et al. (1999) . The combination of CHARM+AGDISP will enable rapid deposition predictions that render the combined codes suitable for control of drift during aerial application.
A typical wake prediction is shown in figure 1 . The trailed vorticity from the tips of the rotor blades is traced by red curves, transitioning from the tips to light blue for inboard vorticity and to dark blue curves for the rotor hub. The same color pattern applies to the tail rotor.
Several features of this model are particularly advantageous for real-time prediction of the aerial application of pesticides by UAVs. First, the flow field solution has been extensively validated for accurate modeling of complete rotorcraft aerodynamics and dynamics in steady and maneuvering flight (Wachspress et al., 2003a (Wachspress et al., , 2008 . CHARM can optionally include multiple rotors and the vehicle fuselage, replicating the many UAV configurations seen in the literature. Extensive work has also been performed to accelerate the wake solution for real-time applications. The CHARM wake model originated the use of hierarchical fast vortex (HFV) methods in rotorcraft applications (Wachspress et al., 2003b) . HFV methods automatically adapt to any transient maneuver, including an aircraft flying into its "old" wake (as occurs in vertical descent), vortex ring state, and ground vortex flows (which impact UAV operations). Prior research and development saw further acceleration of HFV methods and other areas of the wake solution to support real-time operation while maintaining maximum possible fidelity (Quackenbush et al., 2001 ). This prior work includes extensive validation of the real-time solution accuracy (Wachspress et al., 2008) .
CHARM couples a vortex lattice blade model, a free-vortex wake model, and a fast panel fuselage model to model the full aircraft and its wake effects from first principles, in-cluding multiple rotors (Wachspress et al., 2012a) . The ability of the model to predict rotor outwash in flight near the ground has been extensively validated through correlation with test data, including data generated by tilt rotors (Keller and Wachspress, 2012) . CHARM has been used by the U.S. Navy to model the outwash impact of military helicopter wakes on ground personnel, and it has been used by the U.S. Army to model the impact of rotor wakes on ordnance trajectories and brownout (Wachspress et al., 2009 ). The current model has also been used for real-time simulations (Wachspress et al., 2008 (Wachspress et al., , 2012b , but the inclusion of the aerial release of pesticides and the real-time prediction of the subsequent motion of the released spray material have not been discussed until now.
METHOD
This article details the release of spray material from UAVs, including the effects of spray deposition by AGDISP. CHARM develops the 3D velocity flow field, and AGDISP tracks the release of droplets through this field. The flow field is accurate because CHARM models the physics of the major wake interactional aerodynamics from multiple rotors and has been verified; the deposition and drift are accurate because of the use of the verified Lagrangian droplet model in AGDISP. The two codes are coupled together by the replacement of a single subroutine in AGDISP (which computes the velocity flow field) with the detailed calculations in CHARM.
The problem presented here will discuss two test platforms ( fig. 2 ), the Dragonfly DP-12 Rhino tandem rotor UAV and the Aeronavics ICON octocopter, for one flight condition each. It is not within the scope of this article to describe the impact of either UAV wake on the deposition of released spray material under all possible flight conditions. Instead, it is the intent of this article to illustrate the potential impact of each UAV wake on aerial application under one set of modeling conditions. An overview comparison between vehicles is shown in (2015) and Teske and Wachspress (2017) . The DP-12 calculations placed the spray boom 1 m below the main (front) rotor hub ( fig. 2a ), extending the boom out to roughly 1 m on either side of the UAV, with nine evenly spaced nozzles positioned on the boom. The spray release height was set to 1.5 m above the ground; a swath width of 3 m was assumed while tracking the released spray material from the nozzles. The ICON calculations were made to demonstrate spraying strategies for an aircraft that is much lighter than the DP-12. In these calculations, the spray boom was placed 0.5 m below the lower blades (in the middle between the blades for balance, fig. 2b ), extending the boom out to roughly 0.75 m on either side of the UAV, with eleven evenly spaced nozzles positioned on the boom. The spray release height was set to 1.5 m above the ground; a swath width of 3 m was assumed while tracking the released spray material from the nozzles.
For the spray release height assumed here, each AGDISP calculation on a personal computer took 1 to 5 s, while the same calculation with CHARM+AGDISP took 1 to 2 min.
Plotted results include four application parameters of interest: (1) coefficient of variation, (2) application efficiency, (3) downwind deposition, and (4) airborne drift. The coefficient of variation (COV) is a measure of how uniformly spray material deposits across the swath; smaller COV values suggest a more even spray deposition pattern on the ground. Typically, a COV of 0.3 or less is considered desirable (Parkin and Wyatt, 1982) . Application efficiency is a measure of how much spray material lands within the swath. If the application efficiency is 1.0, all active ingredients in the spray have deposited within the swath; contrarily, if the application efficiency is 0.0, none of the active ingredients landed there. Downwind deposition is the fraction of active ingredients deposited downwind of the swath, while airborne drift is the fraction of active ingredients still airborne at a specified downwind distance. For these calculations, the downwind distance was set to 6.0 m downwind of the downwind edge of the swath. 
RESULTS
The intent of this article is to demonstrate spraying strategies for the two UAVs based on calculations made with the CHARM+AGDISP code. Consequently, both UAVs were simulated across a wide range of forward speeds, operating under nominal flight conditions, including meteorological and payload levels. Only monosized droplets were tracked by the codes. Table 2 summarizes the application parameters for both UAVs. The constant meteorological conditions assumed reflect the default input conditions in AGDISP. Vortical flow fields generated by the UAVs were initiated by counter-rotating rotors. Looking down at the DP-12, the front rotor rotates counterclockwise, and the rear rotor rotates clockwise. Looking down at the ICON, the front left rotor rotates clockwise, the front right rotor rotates counterclockwise, the rear left rotor rotates counterclockwise, and the rear right rotor rotates clockwise. The four rotors below the top set of rotors rotate opposite to the rotors above them. It may be seen from figure 3 that the tandem wakes of the DP-12 and the multiple wakes of the ICON generate complex wake interactions.
DP-12 DEMONSTRATION SPRAYING STRATEGIES
Results for the DP-12 are shown in figure 4 for two crosswinds: 0.22 and 4.47 m s -1
. Figure 4a shows the application properties for the low crosswind (0.22 m s -1 ). It is seen that there is no airborne drift, and the application efficiency is essentially 1.0. Thus, under very low crosswind conditions, the spray remains within the swath (higher release heights tend to allow spray droplets to move downwind, as presented A plan view of the DP-12 wake is shown in figure 5 , illustrating the wide spread of the vortical wake and the deposition position of the released droplets. Note that the deposition is not centered directly behind the aircraft, even though the spray droplets were released symmetrically from the boom, because of the effect of the crosswind. . The plotted results include the same four application parameters of interest: COV, application efficiency, downwind deposition, and airborne drift. It is seen that the lighter ICON octocopter and the much heavier DP-12 give somewhat similar results, especially at the higher crosswind speeds. Downwash from the ICON is not as strong, and therefore the critical speed below which the ICON should operate is lower than for the DP-12, approximately 5.6 m s -1 (table 1) . Application efficiency decreases rapidly between 4.5 and 6 m s -1 ( fig. 6b ). Calculations to date suggest that the ICON would need to operate in minimal crosswind and at very low flight speeds to be an effective spraying UAV.
A plan view of the ICON wake is shown in figure 7 , indicating the narrow distribution of the wake and the deposition position of the droplets released from the UAV. Again, this deposition is displaced because of the crosswind.
DISCUSSION
The two examples shown here demonstrate the computational ability of CHARM+AGDISP for the two UAVs examined, especially with regard to the levels of drift predicted. As with full-sized fixed-wing aircraft and helicopters, the pilot operating the UAVs would be expected to understand the effects of crosswind and adjust the UAV flight path. This corrective action would tend to improve the application efficiency and reduce the downwind deposition (because of the repositioning of the UAV flight path in response to the crosswind) but may not necessarily improve the COV or reduce airborne drift. Figure 4b shows the DP-12 results for a high crosswind of 4.47 m s -1 . In this case, the application efficiency is poor at flight speeds higher than 6.5 m s -1 , which is lower than the DP-12's critical speed. Figure 6b shows a loss of drift control with the ICON at flight speeds higher than 4.5 m s -1 (lower than its critical speed) for a crosswind of 2.24 m s -1 . In both cases, the deterioration of the application efficiency is quite pronounced, emphasizing the importance of always operating below the critical speed in order to use the rotor downwash to assist in pushing spray material toward the for the ICON. Here it may be seen that, as the release height increases, the application efficiency decreases and the airborne drift increases. These effects are expected, based upon numerous sensitivity studies that identify release height as the most important spraying parameter (Teske and Barry, 1993) .
Generalizations based on these results are not encouraged. The behavior of the UAV wake for other release heights, crosswind speeds, flight speeds, and UAV weights would have to be quantified through the use of a model or actual flight tests, as would the deposition of complete droplet size distributions. Different release heights alter the transition from downwash through the rotor blades of the UAV to outwash away from the UAV when the ground is reached. Different crosswind speeds alter the effect of the outwash, especially if the crosswind is sufficiently strong so as to impede the velocity of the outwash in the direction opposite to the crosswind direction. Increased flight speeds overtake the velocity of the outwash from the UAV, creating additional problems. Finally, UAV weight, especially for the ICON example shown here, varies as the spray mission continues. As the weight of the UAV decreases, the downwash decreases (eq. 1), reducing its ability to convect droplets to the ground and thereby further increasing airborne drift.
For slow speeds directly under the UAV, the ground impact velocity will be the critical speed defined in equation 3. For droplets depositing away from the UAV, the ground impact velocity will be the square root of the sum of the squares of the wind speed (which is close to zero) and the terminal velocity of the droplet (which depends on droplet size).
The impact of the UAV wake on droplet deposition can be illustrated by comparing droplet trajectories from the ICON, as shown in figure 9. Three droplet sizes are shown here, representing the effect of the wake on spray material released from the UAV. The droplet paths are clearly chaotic, with several unexpected features: (1) most of the droplets released from the nozzles are pushed erratically around their release points before depositing on the ground; (2) the 100 μm droplets are not driven aloft by the ICON wake (which is the behavior of this droplet size when released from a full-sized helicopter) but instead deposit within the swath width (-1.5 to 1.5 m), although one droplet does travel downwind; and (3) the 300 and 500 μm droplets also deposit within the swath (similar to their behavior when released from a full-sized helicopter), but, interestingly, several of these droplets are driven aloft and transported downwind. It can then be expected that the deposition pattern anticipated with the release of a complete droplet size distribution from the ICON (and possibly from all UAVs) will challenge the paradigm established by full-sized helicopter spraying.
A final comparison is shown in figure 10 , plotting the behavior of the COV, application efficiency, downwind deposition, and airborne drift with the single-rotor AGDISP model applied to the DP-12 and the ICON. In this application, the UAV wakes are represented by downwash transitioning to a single pair of oppositely rotating vortices. From the results summarized here, a pattern emerges with regard to the effectiveness of spraying with these two UAVs, i.e., the apparent development of a flight envelope that can significantly impact ground deposition levels. It appears that proximity to the ground and/or the flight speed and/or crosswind can cause the released spray material to be lofted above the UAV, producing significant airborne drift. Figures 4 and 6 compare the behavior of the UAVs with regard to deposition effectiveness as a function of flight speed; figure 8 compares the UAVs with regard to the agricultural application parameters of interest as a function of release height. These figures illustrate the operational realities predicted by the CHARM+AGDISP model for the use of UAVs in spraying, i.e., the need for lower boom heights, lower flight speeds, and lower crosswind.
The general trend discovered through the CHARM+AG-DISP analysis for UAVs performing spray application is that the lower the release height, aircraft speed, and ambient wind, the more uniform, precise, and efficient the spraying process will be. This result is not a surprise, but it can now be quantified. At low flight speeds, the strong downwash beneath the UAV rotors pushes the spray quickly toward the ground and may potentially provide better distribution over individual plants, as opposed to merely coating their upper surfaces. However, as flight speed increases, a critical speed is reached at which the downwash transitions to outwash well before the released droplets reach the ground. As these vortices form, the CHARM+AGDISP solution broadens the vortical field behind the UAV as it expands upward (because the ground prevents expansion downward). If spray material becomes trapped within this developing wake, it could travel to unanticipated distances. At speeds higher than the critical speed, if there is a crosswind, the spray drift may become considerable. Further, whatever the UAV size, including the "fullsized" aircraft that DOD designates as UAVs (General Atomics' MQ-1 Predators and MQ-9 Reapers, commonly identified as drones), the most important parameter when flying close to the ground is flight speed. If the vehicle is flying slowly enough for ground vortex flow to occur, then greater drift will occur. If the vehicle is flying fast, the wake of the UAV will behave much like that of a full-sized aircraft, negating the usefulness of the UAV for the applications described at the beginning of this article.
Release height therefore plays a significant role in spray deposition. Higher release heights impact the deposition location, in-swath and downwind. The ground impact of released spray as a function of height appears to follow the same patterns for UAVs as for full-sized aircraft. The potential complexity of the UAV wake, i.e., the impact of multiple rotor blades, is the randomizer in this behavior. What is especially critical is to understand the pattern and behavior of the multiple rotor wake and its possible ability to loft released spray droplets, an effect not present with full-sized helicopters because of their higher altitudes, flight speeds, and spray boom positions.
The power of the combined CHARM+AGDISP model is that applicators can now optimize the release height as a function of UAV weight, consider the anticipated wind speed, and then exercise the model to determine the most effective spraying speed (with the lowest flying time), while achieving acceptable deposition levels within the swath and reducing airborne drift. For every UAV rotor blade configuration, there are release height, flight speed, crosswind, and UAV weight limits that the applicator must consider to achieve accurate and successful spraying. Understanding the wake geometry generated by a specific UAV would seem essential to understanding its influence on released spray, considering the response of the complex UAV wake structure to the release height, flight speed, and UAV weight, along with the crosswind imposed. Combining AGDISP with CHARM quantifies, for the first time, the optimum flight speed, release height, and crosswind for any UAV spray application of interest.
CONCLUSIONS
This article explored the theoretical behavior of two UAVs (the DP-12 tandem rotor and the ICON octocopter), as representative of UAV size limits, in two spraying scenarios of low and high speed crosswind. The development of the wake motion and deposition potential were predicted by combining the helicopter technology developed in CHARM with the droplet trajectory analysis in AGDISP. The CHARM+AGDISP model demonstrated the importance of a critical flight speed. This speed acts as an upper limit to the forward speed of the UAV irrespective of crosswind or release height (for a given spray boom configuration). Spraying at speeds above the critical speed should be avoided, if possible, as the simulations shown here suggested that spray application effectiveness will be compromised at flight speeds above the critical speed. As a consequence, care should be taken when selecting a UAV for use in a specific spraying scenario. The UAV selection is not as simple as it may appear, nor are the spraying characteristics of a particular UAV obvious. Detailed analyses of the UAV of choice should always be considered.
